We investigate the dispersion of a layer of dye initially applied at the outer wall of a cylindrical Couette-cell into a sheared suspension of non-Brownian spherical particles. The process is directly visualized and quantified at the particle scale. A "rolling-coating" mechanism is found to convectively transport the dye at a constant rate directly from the wall towards the bulk. The fluid velocity fluctuations, u ′ , measured with particle image velocimetry, and the imposed shear-rate,γ, are used to define a diffusion coefficient, D ∝ ⟨u Advection-diffusion coupling and the wide range of length-scales present in turbulent flows lead to the rapid mixing of a scalar field. Conversely, at low Reynolds number, the flow is laminar and mixing, which is then driven solely by molecular diffusion, is extremely slow. This is problematic in numerous situations; practical examples include glass manufacturing, molten polymers, heavy crude oils, industrial processing of food and domestic cooking, pharmaceutical and food industries, and granular materials in civil engineering, to mention a few. How then, can one mix such fluids?
Given the molecular diffusion is extremely slow, mixing enhancement requires conferring to the flow as much complexity and disorder as possible. In the absence of spontaneous inertial instabilities within the fluid such as those occurring in turbulent flows, the only way to complexify the flow is through the boundaries. An archetypal example is having the fluid flow through a porous material: the fixed but tortuous boundaries disrupt the fluid flow which results in a mixing enhancement.
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Oscillating the fluid flow is also known to enhance mixing. 3, 4 This effect was found to be particularly important in porous materials such as bones. Biologists have shown that through physical activity, periodic load-induced fluid flow in bones is critical for nutrient transport and bone metabolism. 5, 6 Another approach consists in moving the boundaries in sequential ways or to carve them in order to force the path lines of the fluid to be chaotic, e.g., in the blinking vortices configuration 7 or in chaotic mixers for micro-channels. 8, 9 In the present study, we investigate how shearing suspensions of particles enhance the dispersion of a scalar field, prelude to its mixing. The latter is faster when the former is made efficient. Particles, i.e., solid inclusions, behave as moving boundaries. Their permanent re-organisation within the fluid spontaneously promotes mixing even under low Reynolds number conditions. Under flow, particles experience frequent collisions with one another and are thus deviated from their laminar streamlines. This phenomenon called "shear-induced dispersion" has been widely studied in recent years. [10] [11] [12] [13] [14] The particle diffusive motion D p ∝γd 2 whereγ and d denote the imposed shear rate and the particle diameter, respectively. 15 This scaling is expected since the only time scale in the system is the inverse of the shear rate and the relevant length scale, i.e., the characteristic length scale of the fluid velocity disturbances is given by the particle size. Particles in essence can be thought of as many 16 demonstrated that the transfer of heat across a suspension of particles is substantially (>200%) increased when the suspension is sheared. Other studies 17, 18 investigated the transfer of mass across a sheared suspension of particles using an electrochemical method to measure the macroscopic rate of augmented transport of solutes. These studies are very promising in terms of applications. However, from a fundamental point of view, many questions remain open. Specifically, there are to our knowledge, no measurements of the mixing process performed at the particle scale. Yet, this information is crucial to understand the mechanisms at the origin of the transfer intensification. This point constitutes the motivation of the present study. Following this aim, we developed an original experimental setup that allows direct visualization of the dispersion process of a layer of dye in a sheared suspension of non-Brownian particles.
The experimental setup is sketched in Figure 1 . The inner cylinder that has a radius of 5 cm and a height of 12 cm is driven by a precision rotating stage (M-0.61.PD from PI piezo-nano positioning) with high angular resolution (3 × 10 −5 rad). The transparent PMMA outer cylinder is stationary and the gap between the two cylinders is L gap = 12 mm. The temperature of the whole setup is controllable (±0.05
• C) as the Couette cell is embedded in a square water-bath jacket connected to a cryo-thermostat. More details about the setup are provided in Metzger et al. The fluid is a Newtonian mixture of Triton X-100, zinc chloride, and water. Its viscosity is η = 3 Pa s so that inertial effects can be neglected (the Reynolds number Re = 5 × 10 −3 ). The composition of the fluid is also chosen to match both the density of the particles (ρ f = ρ part = 1.19 g cm −3 ) to avoid sedimentation and their index of refraction to obtain an optically transparent suspension. 19 A small amount of hydrochloric acid (≈0.05 wt. %) is added to the solution to prevent the formation of zinc hypochlorite precipitate, significantly improving the transparency of the mixture. Finally, the temperature of the water-bath is adjusted in order to finely tune index-matching between the fluid and the particles (best index-matching was obtained for T ≈ 18.5
• C). We use spherical PMMA beads from Engineering Laboratories, Inc., with a diameter d = 2 mm. These particles were specially chosen for their high surface quality and good transparency. All experiments are performed at a volume fraction φ = 35%.
As presented in Figure 1 , the rhodamine fluoresces under illumination provided by a thin horizontal laser sheet. Images are acquired from the top using a high resolution camera (Basler Scout) and a high-pass filter (λ > 550 nm) is used to eliminate direct light reflexions due to the imperfect index-matching. The protocol is the following: a thin layer of fluid doped with Rhodamine 6G (C rhod = 9 × 10 −7 g ml −1 ) is homogeneously applied on the outer cylinder using a brush. Then, the gap is carefully loaded with the suspension without disturbing the rhodamine layer applied on the outer cylinder. After waiting 30 min to reach thermal equilibrium (thus optimal index-matching), the suspension is sheared at a fixed shear-rate,γ = 0.5 s . The evolution of the mean dye concentration profiles across the gap is obtained by averaging the light intensity re-emitted by the Rhodamine 6G along the flow direction. In total, four experiments were performed for which the whole protocol was repeated entirely.
We performed Particle Image Velocimetry (PIV) to measure the velocity fluctuations of the fluid phase. The fluid was seeded with passive fluorescent tracers (MF-Rhodamine B-particles 3, 23 µm). Images were acquired into burst of five images separated by a strain interval γ 0 = 0.02. A total of 200 bursts, separated by a strain interval γ ≈ 10, were acquired in order to obtain averages over a large ensemble of statistically uncorrelated configurations. Note that we do not report the velocity fluctuations near the inner (mobile) since it is very difficult to measure velocity fluctuations in regions of the flow where the mean velocity is large.
When shearing the suspension, the rhodamine layer initially applied on the outer cylinder progressively spreads into the gap until homogeneity is reached, as seen in Figure 1 Here, in the sheared suspension, homogeneity is reached after 30 min. The transfer enhancement is thus extremely large. We show in the sequel that the reason is that the dye dispersion process is super-diffusive but, if from a naive comparison of the timescales above one would define an effective coefficient, it would be such that D eff /D 0 ≈ 10 000. Second, the patterns observed in the mixing layer, shown on Figure 1(c) , strikingly remind those observed in turbulent mixing. For comparison, a picture from earlier work 20 of a blob of dye stirred in a turbulent flow at a Reynolds number Re ≈ 10 4 is shown on Figure 1(c) . In the suspension, even though the Reynolds number is small (Re = 5 × 10 −3 ), the fluid velocity disturbances generated by the particles contribute to accelerate the dispersion process.
The dye concentration profiles as a function of the distance from the wall measured at successive strains, γ =γt, are shown on Figure 2 (a). Their overall shape is interestingly analogous to the temperature profiles measured in turbulent Rayleigh-Benard convection. 22 In the latter configuration, the temperature is very homogeneous in the bulk thanks to the efficient mixing induced by the numerous thermal eddies. Conversely, strong temperature gradients are observed near the walls, in the thermal boundary layers, where heat transfer only occurs through thermal diffusion. Our system shows similar trends. Concentration profiles are flat in the bulk, suggesting that an efficient dispersion mechanism is at play in that region and a strong concentration gradient is observed close to the wall where the transfer of dye appears to be much slower. This is consistent with the scenario proposed by Wang et al. 18 that the particle shear-induced diffusivity drives the mixing process: in the bulk, after each collision, particles are free to translate in any direction. Conversely, particles located against the wall are sterically frustrated: when approaching the walls, their translational diffusivity must vanish. For comparison, the Figure 2(a) shows the concentration profiles one would obtain for a homogeneous diffusion coefficient equal to D eff . In that case, the concentration at the wall decays much faster.
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To investigate how the dye is transported from the wall towards the bulk, we performed PIV measurement of the fluid velocity field. Owing to the extremely small value of the molecular diffusion coefficient D 0 , this approach seems reasonable since the process we are investigating is likely to be a dispersion problem dominated by advection, i.e., the stirring motions caused by the particles themselves. A typical velocity fluctuation field is illustrated in Figure 2(b) . Dimensionally, these velocity fluctuations can be used to build a diffusion coefficient, D( y) ∝ ⟨u ′ y u ′ y ⟩/γ, quantifying the magnitude of the velocity disturbances induced by the particles. While existing models 23 proposed that the diffusion coefficient should increase as y 4 , our experimental observations suggest a linear increase with the distance from the wall, namely, D( y) = U y, with U a constant velocity (Figure 2(c) ). Note that for y/d < 1, a significant amount of fluctuations is present in the fluid, although in that region, as we mentioned before, the particle translational diffusivity must be zero. As can be seen in Movie 3 in the supplementary material, 24 particles located against the wall rotate within the shear flow; this rotation induces disturbances within the fluid.
This close examination of the boundary layer also reveals an unexpected transport-enhancing mechanism: as shown on Figure 3(a) , by rolling against the wall, particles get coated with a thin layer of dye. The particle rotation thus contributes to a convective transport of the rhodamine located on the wall directly towards the bulk. This mechanism is crucial since it breaks the initially expected diffusive boundary layer. 18 Furthermore, when computing the total amount of rhodamine present in the bulk, m =  3d d C( y,t)d y, we find this quantity increases linearly with time or equivalently with strain, m ∝ t, see Figure 3 (b). This can easily be explained assuming the initial layer of rhodamine applied on the outer wall constitutes an infinite reservoir of dye. Since the particle rotation rate is fixed by the shear rate and calling δ the thickness of the rhodamine layer coating the particles, we expect this "rolling-coating" mechanism to produce a constant mass flux, J = δγ, of rhodamine towards the bulk. This scenario indeed leads to a linear growth of the total amount of rhodamine present in the bulk, m =  t 0 Jdt ′ = δγt. Note that being driven by the rotation of the particles in the layer contacting the wall, the mass flux is de facto identical at y = 0 and y = d. Thus, considering the linear increase of the diffusion coefficient with the distance from the wall, the transport equation for the dye mean concentration field C( y,t) becomes
and can be solved assuming a constant mass flux as a boundary condition at y = 0. The solution is given by an incomplete gamma function
This solution closely matches the experimental concentration profiles recorded in the bulk, when the parameter J is adjusted such that  3d . Note that the integral of the model should not grow linearly over that restricted range (only the total mass should), yet a linear assumption is reasonable. This solution also demonstrates, not surprisingly considering the non-constancy of D( y) with y, that the transport is enhanced, the dye being removed from the wall all the more rapidly that it is distant from it. Indeed, the penetration distance (typical width of the concentration profile) of the dye is  yC( y,t)d y ∼ mUt = JUt 2 , a clearly super-diffusive dispersion law. This shows the strong effect of the presence of the wall, and of the particles, on the overall transfer process. The parameter U is found to be equal to 2.12 × 10 −6 m s −1 which leads to D( y)/γd 2 = 2.12 × 10 −3 y/d. At distances from the wall around 3 to 4 beads diameters, the diffusion coefficient D(3d) ≈ 10 −2γ d 2 which matches earlier bulk measurements 10,16 of the particle diffusion coefficient at this concentration. This also leads to D( y) = 1.30⟨u orders of magnitude more efficient than its molecular expectation in the fluid at rest. The dispersion coefficient in the bulk is of the same order of magnitude as the particle diffusion coefficient measured in earlier works. 10, 16 The shape of the mean concentration profiles reflects an increase of the stirring intensity with distance to the wall, the sheared particles responsible for these motions being sterically damped at the wall. High-resolution PIV measurements of the fluid velocity disturbances generated by the particles have shown that their diffusion coefficient increases approximately linearly with the distance from the wall. The solution of the transport equation with a linear variation of the diffusion coefficient in space and a constant mass flux at the wall boundary condition provided concentration profiles in good agreement with the ones measured experimentally. However, mass transfer at the wall not only occurs through molecular diffusion. Direct visualization of the mixing process allowed us to identify a "rolling-coating" mechanism: particles rotate against the wall and get coated with a thin layer of dye. The particles convect, at a constant rate, the dye from the wall directly towards the bulk (see Movie 3 in the supplementary material 24 ) breaking the diffusive boundary layer. In future experiments, we plan to vary the particle size and shear-rate to explore a large range of Péclet number and deeper range of distances from the wall.
